The present work is aimed to study the microstructural changes that occurred during the delignification process of agave fibers using microscopy techniques and image analysis (AI). Acetosolv kinetic was followed by chemical analysis and by light (LM), confocal laser scanning (CLSM), and scanning electron (SEM) microscopies, evaluating the micrographs by image analysis (IA). Kinetic studies showed that delignification process followed three stages: initial, bulk and residual; these stages kept a relation with the microstructural changes occurring in the fibers. The data obtained integrate numerical information that could be valuable for study of pulping of lignocellulosic materials and these techniques can be used as useful non-destructive methods for the evaluation of the delignification process.
Introduction
The Agave is a plant with about 166 species and Mexico is the most important center of biodiversity of these species. During the manufacturing processes of Agave bever-ages, the leaves are discarded in order to reach the plant's "core" or "piña" from which Agave plant is used to obtain fermentable sugars [1] . From this process, Agave residues could be used to obtain fiber for the production of paper, bioethanol and other chemicals. Organosolv processes, usually defined as the delignification methods where the reaction system is based on the use of organic acids and different catalyzers. These processes have proven to be promising in achieving a comprehensive utilization of lignocellulosic materials with minimal environmental impact. On the other hand, microscopy techniques have been useful to know the morphological characteristics of different lignocellulosic materials and Light (LM), confocal laser scanning (CSLM), scanning electron (SEM), transmission electron (TEM) and atomic force (AFM) microscopies have frequently been used to characterize the morphology, microstructure, topography, ultrastructure and microdistribution of lignocellulosic components in several plant tissues [2] [3] [4] . Nevertheless, these studies have been mainly focused to describe the morphology of lignocellulosic materials. On the other hand, images analysis of microscopy images could be a useful tool to have a quantitative analysis of several biological materials, including the lignocellulosic plants [5] [6] [7] . Such studies have not been performed to describe the microstructural changes that occur during the delignification process. Therefore, the aim of this work was to study the microstructural changes involved in the Acetosolv process of agave fibers by means of microscopy techniques and image analysis looking for a a better understanding of the process and their effect on the quality of the obtained fibres.
Materials and methods

Delignification kinetic
The delignification kinetic of Agave fibers were carried out by applying the Acetosolv process [8] . The kinetic of lignin release was followed by chemical analysis (Klason lignin, pulp yield and selectivity). The experiment was carried out in triplicates.
Microscopy study of delignification kinetic
Light microscopy (LM).
In order to evaluate the changes in the thickness of the fibers during the kinetic at least 10 fibers from each reaction time were observed with an optical microscope (10x, Nikon, Eclipse 50i, Japan). These micrographs were analyzed by images analysis (ImageJ v.1.42q, software National Institutes Health, Bethesda, MD, USA), converting the RGB images to binary by using the threshold tool in a range of 80-255. Fiber thickness was determined from 5 measurements from each image using the measurement tool of the software.
Confocal laser scanning microscopy (CLSM).
CLSM allows the simultaneous view of lignin and cellulose due to their native fluorescence; Two different laser emission sources producing different wavelengths were used for both materials (405 nm, lignin; 480 nm cellulose), In order to evaluate quantitatively the CLSM micrographs of the fiber delignification process, an image analysis methodology was implemented. Thereby, regions of interest (ROI's) of 80x80μm were taken from CLSM RGB images of cellulose and lignin. Subsequently, the ROI's were converted to grayscale. From these ROI's the average value of grey level (GL), using the ImageJ software histogram was extracted and also the image entropy was evaluated. In the present work the entropy of images was used as a measure of heterogeneity of the fluorescence and the GL value as a measure of the fluorescence intensity in the images. Additionally, gray scale images were converted to binary format by using threshold tool in a range between 20-255 units. From these images total fluorescence area was obtained and expressed as area fraction (AF) which represents a relative measure of cellulose content or lignin content in the ROI. At least 10 images for each reaction time of delignification process were used for extraction of imaging parameters. All steps of image analysis were performed in ImageJ.
Environmental scanning electron microscopy (ESEM).
The fibers were mounted in an aluminum cylindrical sample holders provided with double sided carbon tape. Subsequently, they were coated with gold in an ionizer (Desk II, Denton Vacuum, Moorestown, NJ, USA) for 500 s at 100 mTorr and 20 mA. The samples were observed with an environmental scanning electron microscope (XL 30, Philips, USA) at 500x and 25 kV.
Linear prediction models for delignification and statistical analysis
Imaging parameters values can be useful for proposing a non-destructive method to evaluate the delignification process. For this reason chemical and imaging parameters values obtained from pulping kinetics were analyzed by Pearson method to obtain linear prediction models. The relationships between kinetic study and image analysis results were selected based on the better linear prediction models. The criteria for selection of the better relationships was based on the highest correlation (R) and determination (R 2 ) coefficients as obtained from Pearson and linear regression analysis (least squares approach) respectively. The statistical analysis was carried out using XLSTAT v2009.3.02 software (Addinsoft, 232 USA). Descriptive statistics and linear regressions were done for all experiments and for the image analysis results the normal distribution of the data (Shapiro-Wilk Kolmogorov-Smirnov) was performed to determine using the statistical program Sigmaplot version 12.0 (Systat software Inc., USA). Figure 1 shows the delignification kinetic at 90 % acetic acid and 1.5% solution HCl as catalyzer with the three delignification stages of agave fibers. The first period can be associated to a high reaction rate (k) of 7x10 -4 min -1 that is explained by easy removal of superficial lignin in the agave fiber. This period is known as initial stage [12] . Regarding the second period or bulk stage a minor value of k (3x10 -4 min -1 ) was obtained. This diminishing in the reaction rate corresponds to the removal of interfibrillar lignin of internal zones of the fibers. Finally, the residual stage showed the lowest value of k (1x10 -4 min -1 ) due to that during this stage the lignin content in the microfibers is removed. These delignification stages were similar to those reported for the pulping of Eucalyptus globulus [12] and several hardwoods when using a Kraft process [13] . For an additional description of the pulping process, the microstructural studies were related with the delignification kinetic process. Figure 2 shows the microstructural changes of fibers, observed under CLSM and SEM, for selected cooking times. Figures 2A-2C show CLSM images where two spectral channels can be simultaneously observed, and where the green color corresponds to lignin autofluorescence, while the blue color is linked with the fluorescence of calcofluor used for cellulose stained. At the begging of the kinetic (0 min) the fluorescence of the cellulose was the lowest (Figure 2A ), while the lignin autofluorescence was very intense. This corresponds to lignified fibers with lower cellulose purification. Additionally, SEM image illustrates the structural arrangement of the fiber without damage ( Figure 2D ). After 120 minutes of reaction, the fibers showed an increase in the cellulose fluorescence and a decrease in the lignin autofluorescence, and where the distribution of these components in the fibers could be observed in similar proportions ( Figure 2B ). Structural damages on the cellular tissue, the collapse of the cell walls, as well as the presence of fractures, disruption of fibers clumps and a more porous structure, promoted by removal of interfibrillar or bulk lignin, were detected under SEM (Figure 2E) . At 240 minutes the fibers showed a higher intensity of cellulose fluorescence which almost covered all the fibers surface. In contrast, the lignin autofluorescence intensity was lower ( Figure 2C) . Thereby, the lignin contained in the fibers was almost completely removed, indicating that the delignification process was adequate. SEM images also provided evidence of a major structural damage in the fibers, due to a deeper acetic acid infiltration through the fibers during the final delignification stage. In this step the lignin from microfibrils was eliminated generating porous and structural damages in the tracheids of fibers bunches ( Figure 2F ).
Results and discussion
Microstructural changes during delignification kinetics
Fig. 2. CLSM images (A, B and C) and SEM images (D, E and F) of agave fibers at different
times of pulping (0, 120 and 240 min). Green color corresponds to lignin and blue color to cellulose. Here cw: cell wall; f: fractures; cwc: cell walls collapse: sd: structural damage in tracheids.
Another important effect of the pulping process was the reduction of agave fibers thickness. As regard to the kinetic of agave fibers thickness reduction (Figure 3) it had a similar tendency to RL kinetic and also three stages were observed. The first stage yielded sizes of fibers between 592.3-505.6 μm with a rate of size reduction of 1.45 μm/min. In the second stage, the size of fibers varied from 481.3 to 410.4 μm at a rate of 0.71 μm/min, and finally at the third stage the fiber diameters varied from 275.6 to 309.1 μm having a size reduction rate of 0.42 μm/min. As can be seen from these results the rate of size reduction of the Agave fibers decreases in each pulping stage due to the gradual lignin removal from the fibers. It is also, possible that some fibers and parenchymatic cells that cover the bundle of fibers were released during this pro-cess. Thereby, the results described above provided valuable information to a better understanding of the delignification stages occurring throughout the pulping of agave fibers. Fig. 3 . Reduction of agave fibers thickness as function of cooking time.
Linear prediction models for delignification of agave fibers by image analysis
An attractive issue in the pulping process could be the prediction of delignification degree by applying a non-destructive method and by using a small quantity of sample. For this purpose CLSM images can be useful to evaluate the delignification of fibers by means of prediction models based on imaging techniques. Figure 4 shows an image gallery which illustrates the procedure performed to analyze CLSM images; here RGB images of lignin and cellulose were turned to gray level (GL) format in order to obtain GL and entropy (E) parameters. Then, GL images were converted to binary images to determinate the area fraction values. Thereby, RGB and grey level images were used for monitoring the delignification process. In Figure 4 is also possible to appreciate that as function of the reaction time, the cellulose fluorescence increased while the lignin autofluorescence decreased and a larger fluorescence can be associated with a higher concentration of lignin or cellulose. Fig. 4 . Image gallery for image analysis of CLSM micrographs. Figure 5 shows the kinetics of GL, AF (area fraction) and E for cellulose and lignin components. GL parameter can be related with the intensity of fluorescence, while AF with the abundance or density of the fluorescence and consequently with lignin or cellulose contents. In GL and AF kinetics an increment on the cellulose fluorescence intensity with respect to the reaction time were observed ( Figures 5A and 5B) indicating a high content of cellulose in the fibers, while the lignin fluorescence, as measured by GL and AF parameters decreased as the reaction time proceeds; thus indicating a major delignification degree. Furthermore, image entropy, which is associated with the homogeneity of the gray level of the images, [11, 14] can be linked to fluorescence saturation of the images, as observed in Figure 5C , where the entropy values for cellulose decreased with the reaction time, while entropy values for lignin increased, indicating the elimination of lignin and the purification of cellulose on the fibers. This agreed with previous works, where has been assumed that the fluorescence of lignified materials is mainly attributable to the lignin content and its intensity is directly proportional with its concentration [3] . Also imaging parameters for cellulose and lignin were consistent with the three stages observed in chemical reaction kinetics and they provided quantitative information for monitoring of delignification process of agave fibers. For identifying the best relationships between chemical and imaging parameters a Pearson correlation matrix was carried out (data not shown). Statistical analysis provides that all variables were significant, except the correlation between LC and entropy values for cellulose images. In overall, GL and AF for cellulose showed higher correlations (R >0.956) with chemical parameters (AAC, LC and RL). Thereby, cellulose images provided the better correlations between imaging and chemical parameters.
A selection of the best relationships is illustrated in Figure 5 D, E and F. For cellulose is clear that when the concentration of acetic acid decreased, GL and AF parameters increased ( Figure 5D and E). Also for cellulose, the relationship between residual lignin and AF ( Figure 5F ), shows that as RL in the agave fibers decreased, AF in-creased. These relationships indicate that it is possible to directly associate the acid acetic uptake and the delignification degree of agave fibers with the fluorescence intensity (GL parameter) and image saturation (AF). According to the values obtained for R 2 (Table 2) , the better models for prediction of chemical parameters were RL-AF, AAC-GL and LC-AF. The linear models proposed in the present work could be useful for prediction delignification level of agave fibers from CLSM images and by using a small quantity of sample. 
Conclusions
The delignification kinetics showed the existence of three periods: initial, bulk and residual stage, where a diminishing on the reaction rate was observed. Regarding microscopy studies, CLSM and IA allowed a quantitative evaluation of the delignification process, showing GL and AF parameters of cellulose a very good correspondence with chemical kinetic studies, resulting in very good linear prediction models. The data obtained shows that CLSM and IA can be used as a useful non-destructive methodology for the evaluation of the pulping of non-wood materials by using only a small quantity of fibers.
